Abstract. This paper presents a comparison of three post weld treatments for fatigue life improvement of welded joints. The objective is to determine the most suitable post weld treatment for implementation in mass production of certain crane components manufactured from very high strength steel. The processes investigated are; burr grinding, TIG dressing and ultrasonic impact treatment.
Introduction
It is a well known fact that welded joints have a low fatigue strength compared to the base material. This is mainly caused by local stress concentrations due to the presence of notches and high tensile residual stresses. Notches occur both because of the geometry of the joint, but also because of weld imperfections such as undercuts and slag inclusions. Tensile residual stresses arise from the contraction of the weld metal during cooling and solidification.
The fatigue strength of as-welded joints proves to be practically independent of the base material strength. Thus, when applying higher strength steels, the gap between the static and fatigue strength increases. However, in many applications, e.g. mobile machinery, there is a tendency to pursue an increase in the performance to weight ratio by applying higher strength steels. In such cases, the fatigue strength of the welded joints becomes the dominating factor and limits the benefit of the application of the high strength steel.
Improvement of the fatigue strength of welded joints by application of different post-weld treatments has therefore received much attention lately e.g. [1] [2] [3] [4] [5] , especially treatments based on high frequency peening, e.g. UIT. These relatively new treatments consistently provide very significant improvements in fatigue strength, particularly in the high cycle regime.
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Unfortunately, only little effort has been put into investigation of the medium cycle area, i.e. the upper area marked in Fig. 1 . In this area of fatigue design, there is an obvious reason for using high strength steels, since the stress range exceeds the yield strength of ordinary structural steel, assuming R≥0. Ordinarily this area would be classified as low cycle fatigue, and plasticity should be taken into account. When applying high strength steel, on the other hand, the elastic region extends upwards in the Wöhler diagram, and plasticity is not an issue.
Even though the fatigue strength of as-welded joints is independent of the base material strength at lower stress ranges, this is not the case for the high stress / medium cycle area. There is a need for special fatigue design guidelines in this area considering the use of high strength steel. An example is the IIW parent material curve FAT160, see Hobbacher [6] , which is too conservative for high strength steel. The new crane code EN13001 [7] for instance suggests FAT315 for high strength steel parent material. A truck mounted loader crane is primarily manufactured from S700, S900 and S1100. It is a good example of a structure designed for high stress ranges and medium cycle fatigue life.
Mobile lifting equipment, e.g. loader cranes as shown in Fig. 2 , is a good example of structures designed for high stresses and medium cycle fatigue lives, e.g. 20.000 -250.000 full load lifting cycles. The manufacturers strive to increase the lifting capacity and reduce the weight of these structures using higher and higher steel grades and thin, locally reinforced plate structures. This tendency inevitably leads to fatigue problems, which is why post weld treatment becomes more and more interesting for these new structures, instead of upgrading/repair of existing ones.
This work investigates three different post weld treatments in the medium cycle area, under very high stress ranges, i.e. up to the yield strength of the base material. The objective is to determine the most suitable treatment in this area when also considering the practical issues of implementation in mass production of crane components.
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2. Experimental
General
The fatigue investigation was carried out on simple T-joint specimens in four point bending. The high stress ranges and the required accuracy are more easily achieved in bending tests as compared to tests in tension. Furthermore, by testing in bending loading, misalignment-induced secondary bending stresses are avoided. This is essential, since the different post weld treatments cause different levels of distortion in the specimens.
Test specimens
The test specimens are produced by robotic MAG welding of Domex 700 by the Danish loader crane manufacturer HMF A/S, using a matching filler material. The plate was initially clean blasted and pre-bent 3 degrees to counteract welding distortion. The final specimen geometry is shown in Fig. 3 and the welding parameters are listed in Table 1 . The specimen edges were ground longitudinally and the corners slightly rounded using a burr grinder. The weld quality was considered normal. The cooling rate, expressed as the time for cooling from 800 to 500°C (t 8/5 time), was within the margins specified by the steel manufacturer, SSAB, namely between 5 and 25 seconds for the Domex 700 steel.
Fatigue testing
Fatigue testing was performed using a 100kN Schenk hydraulic fatigue testing machine at the Department of Mechanical Engineering at Aalborg University. The tests were performed in four point bending, at constant amplitude, using the equipment shown in Fig. 4 and Fig. 5 . The stress ratio was kept at R=0.1, and the frequency was varied from 7-28Hz. The tests were performed at room temperature and no heating of the specimens occurred. Since the fatigue testing was carried out under very high stresses, it was anticipated that the residual stresses would not influence the fatigue life significantly due to relaxation. The majority of the improvement is therefore expected to stem directly from improvement in the weld toe geometry. Fig. 6 shows the specimens and Fig. 7 shows micrographs of the weld toe geometry in as-welded and post weld treated conditions.
AW BG
UIT TIG Fig. 6 : As-welded and post weld treated test specimens.
All post weld treatments have potential drawbacks under the conditions of this investigation. Burr grinding is difficult due to the high hardness of the material. TIG dressing may lead to excessive softening of the high strength steel. The compressive residual stresses introduced by UIT may be relaxed due to the high stresses. Evidently, the weld toe stress concentration factor will be reduced by all the post weld treatments considered. However, TIG dressing seemed to leave the weld toe with the smoothest transition between the base material and weld face. Nevertheless, the transition geometry of the TIG dressed weld toe varied significantly along the treated weld seam due to minor variations in the welding torch angle and treatment speed.
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Burr grinding
The purpose of burr grinding is to remove minor weld defects in the weld toe by machining, while at the same time reducing the stress concentration factor of the weld toe. The use of a burr grinder instead of a disc grinder leaves the grinding marks parallel to the direction of loading, which prevents them from acting as crack initiation sites.
Hansen et al. [8] report significant improvements in fatigue life from a two-stage burr grinding procedure, using first a rough tungsten carbide burr followed by a second run with a finer grinder, see Fig. 8 . This procedure has therefore been adopted in this investigation, together with the general guidelines provided by the IIW, see Haagensen & Maddox [9] .
Fig. 8: 6mm diameter tungsten-carbide burr (top) and fine grinder (bottom).
A relatively small diameter burr (∅6mm) was used in order to limit the reduction of section of the base plate due to excessive grinding. The treatment left a shiny smooth surface in the weld toe. When inspected under microscope, there were no sign left of the original weld toe.
Burr grinding in high strength steel is rather slow because of the high hardness of the steel, which also causes significant wear in the burr. The fact, that some of the base plate must be ground away in order to remove weld defects furthermore limits the use of this treatment in the very thin plates commonly used when applying high strength steel, e.g. 4-5mm plate.
High Frequency Peening (HFP) treatment
The following different types of high frequency peening treatments are described in the literature; ultrasonic impact treatment (UIT) [10] , ultrasonic peening (UP) [11] , high frequency impact treatment (HiFIT) [12] and ultrasonic needle peening (UNP) [13] , see Fig. 9 . UIT is based on magnetostriction, UP uses a piezoelectric transducer, whereas HiFIT is pneumatically actuated. Although they are different processes, their properties and resulting improvement in fatigue strength appear to be similar. They all operate in a manner similar to ordinary hammer peening equipment, only at a considerably higher frequency, which reduces vibration and noise and is claimed to give a high improvement in fatigue strength. The tip of the tool oscillates at about 200Hz with a displacement of only about 40μm. Usually, the tip of the tool is fitted with several hardened pins, e.g. 3-4 on a line, but many different configurations exist. The tools are usually handheld, but a robot-mounted version of the UIT device has also been developed.
According to Lihavainen [14] only a force of approximately 30N is necessary on the UIT tool, whereas ordinary hammer peening tools require a force of more than 200N against the material being treated. The application of a HFP treatment is therefore much more comfortable for the operator, which may lead to a better result.
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leaves behind a smooth trace with a radius of 2-3mm, see Fig. 7 . Finally, the surface material is mechanically hardened, which locally increases the fatigue strength of the material in the notch.
In this investigation, UIT was applied. Fig. 10 shows the tool used for the treatment -a single pin shaped to accommodate treatment along the length of a weld seam. The treatment produced an even, smooth trace along the weld toe, approximately 3mm wide and increased the weld toe radius to approximately R2. The treatment can be performed at a speed of about 700-900mm/min for high-quality even weld seams. Irregularities, e.g. start/stops, significantly reduce the treatment speed though and may require grinding. UIT is therefore by far the fastest treatment of the three investigated in this project, but at the same time the one that requires the largest initial investment.
TIG dressing
The objective of TIG dressing is to remove welding imperfections, such as undercuts, cold laps and inclusions by remelting the weld toe, thereby leaving the weld practically defect free. Moreover, the treatment significantly reduces the stress concentration factor of the weld toe by introducing a smooth transition. TIG dressing was carried out according to IIW recommendations [9] and following the steel manufacturer cooling rates. The weld seam and adjacent plate were thoroughly cleaned by sand blasting prior to TIG dressing. Table 2 lists the TIG dressing parameters. The heat input and t 8/5 time were calculated assuming an efficiency of 0.7 for the TIG process. Again, the cooling rate is well within the specifications of the steel manufacturer.
The TIG dressing treatment was carried out manually using standard TIG welding equipment without adding filler material. The TIG welding torch was aimed 1mm from the weld toe, directing most of the heat towards the base plate. As seen in Fig. 7 , there is a slight tendency towards an undercut in the TIG dressed welds; however, the very generous transition radius limits the negative effect of this undercut.
A major concern when performing TIG dressing in high strength steel is whether it will cause excessive softening of the material. In order to investigate this, hardness measurements through the TIG dressed area were made, see Fig. 11 . The investigation showed a resulting hardness drop of approximately 15-20% in the TIG dressed area.
7/13 In this investigation TIG dressing could be performed at approximately twice the speed of burr grinding, i.e. approximately 100-200mm/min. Observations and experience clearly indicate that the TIG dressing process is less demanding for the operator than the burr grinding process. Additionally, TIG dressing is found to be the best suited post weld treatment for handling irregularities in the weld seam, e.g. a start/stop.
Fatigue Test Results
Present investigation
All specimens failed from a weld toe. Fig. 12 shows a typical example of the fracture surface. It is seen that the fatigue crack initiates in the middle of the specimen. Investigations using the notch stress approach also suggest the middle as the weakest point of the specimens.
The fatigue test results are listed in Table 3 and plotted in Fig. 13 . Evidently, all three post weld treatments led to significant improvements in fatigue strength. The degree of improvement is comparable for all treatments; however, TIG dressing is the most effective treatment in the medium cycle regime. UIT on the other hand seems to be the most effective in the high cycle regime. Contrary to what might be expected, the UIT treatment even provided significant improvement, even under the highest applied stresses, i.e. up to the yield point of the base material. The compressive residual stresses introduced by the UIT treatment were expected to relax, thus not improving the fatigue strength of the specimens. However, the UIT treatment also improves the local geometry of the weld toe, which might explain the improvement in fatigue life seen in this investigation.
8/13 S-N curves were fitted to each set of results by free regression analysis. Curves representing characteristic fatigue strengths, set two standard deviations of logN below the mean curves, are included in Fig. 13 . The characteristic fatigue strengths at 2·10 6 cycles (FAT values in the IIW scheme [6] ) obtained from these curves are summarised in Table 4 . In addition, the fatigue strengths at 100.000 cycles, which seem more appropriate in this investigation are also given. It is clear that the improvement in fatigue strength is greater at 2.000.000 cycles than 100.000 cycles, because the S-N curves for the improved details are shallower than that of the as-welded specimens. However, due to the limited number of test results in the high cycle regime, the FAT values at 2.000.000 are quite uncertain. At 100.000 cycles, on the other hand, the results are less scattered, the level of improvement being essentially the same for all post weld treatments.
Comparison with published results
In Fig. 14 , the results obtained in this investigation are compared with existing results extracted from the literature [4, 15, 16, 17, 19] . All results are for T-joints tested in four point bending at a stress ratio of R=0.1, but with differences in steel grade, thickness, welding process etc. The scatter bands in Fig. 14 were calculated from all results pooled together. They are not meant for design purposes, only for comparison. The curves for AW, BG and TIG series were calculated using m=3, whereas the curves for the HFP series were based on m=5.
The fatigue data from this investigation are seen to be consistent with the published data and provide a useful extension of each database to higher applied stresses. It will also be evident that the present results provide no support for the current recommendation [9] to limit the design curves for improved welds to the IIW design curve for plain steel, FAT160 with m=5, as long as a high strength steel is used.
The HFP treated specimens of [19] was preloaded in compression 5 times at a magnitude of 85% of the yield strength, in order to study the effect of improvement of HFP after potential relaxation of the introduced compressive residual stresses. These results are therefore not included in the scatter bands in Fig. 14 . It is clear, that the degree of improvement obtained in [19] is significantly reduced because of the compressive preloading.
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TIG Dressing in Mass Production
The objective of this work was to determine a suitable post weld treatment procedure for implementation in mass production of crane components. TIG dressing was chosen due to the large improvement in fatigue strength observed during tests, but also because of the availability of the equipment and the flexibility of the process.
Many crane components are made from very high strength steel and therefore have a very high static strength. The weld seams are placed in compressive zones or zones with low stresses as far as practically possible. Still, the fatigue strength of the component is governed by one or few critical welds which are highly stressed and cannot be moved or improved by means other than increasing the plate thickness or by post weld treatment. Fig. 15 shows an example of such a critical weld. The designated weld seam is subjected to TIG dressing, in order to increase its fatigue strength to the level of the remainder of the component. Instructions were prepared and a short course was given for the operators and quality control personnel. A new weld quality class was adopted for specification of post weld treatment in technical drawings, similar to VB in the new Volvo CE weld quality system, described by Jonsson & Samuelsson [18] .
As expected, taking the process from the laboratory to mass production caused problems. Initially, operators failed to follow instructions and a very low quality treatment was achieved. Fig. 16 shows examples of the resulting deep undercuts and presence of slag. The following problems were identified
• Incorrectly inclined work piece caused the weld pool to run away from the base plate.
• Mill scale on the base plate obstructed joining of base material and re-melted weld metal.
• Insufficient de-slagging and cleaning after the primary welding.
• Too high heat input and wrong welding torch angles.
• Insufficient operator experience with the TIG welding process.
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Many of the initial problems could be remedied with increased focus on thorough cleaning of the work pieces. The mill scale on the base plate was removed by sand blasting prior to the primary welding. Subsequently, using a chisel and an electric rotating wire brush, the weld seam was carefully cleaned before TIG dressing. The operator was also given more time to practise and instructed to level the work piece in order to avoid undercuts, as illustrated in Fig. 17 . A proper heat input was obtained by letting the operator select current and weld speed freely for the TIG dressing operation at hand, but always maintaining a weld pool of 6-7mm in diameter. Finally, a satisfactory and repeatable quality level was obtained, as seen in Fig. 18 . In such cases, where only a few critically loaded welds govern the fatigue strength of the entire structure, post weld treatment can be a very economic alternative to increasing the plate thickness. For generally highly stressed components, on the other hand, post weld treatment may be too expensive compared to increased plate thicknesses.
On a typical loader crane, only a few welds are loaded to such extend that post weld treatment is necessary. In this example, only approximately 500mm weld seam is treated, but this small effort significantly increases the fatigue performance of the crane and allows for a very lightweight and durable design.
